Introduction
Crustacean's shells consist of chitin, calcium carbonates, and proteins [1] . Chitosan is prepared by the N-deacetylation of chitin from the crustacean's shells. The chitin component is extracted from those shells and is subsequently subject to N-deacetylation to produce chitosan. Thus derived chitosan possesses many useful biological properties such as biocompatibility, biodegradation, woundhealing and anti-bacterial action [2 -6] . Therefore, much attention has been paid to develop chitosan-based biomedical materials. Although chitosan, one of the natural polymers, can be used in various shapes, the medical application is limited due to its low mechanical strength [5 -9] . HAp was formed on the chitosan tubes using an alternate soaking method [10 -12] to enhance the strength of the tube walls. Because chitosan usually turns less soluble in an aqueous solution by heating [13 -15] , i.e. strengthening the tube walls by reducing swelling in vivo, the tubes were treated at 120 8C. Furthermore, the shape of the tubes was molded to triangular shape to prevent collapse after implantation.
In this study, the microstructure, mechanical property, and biocompatibility of the novel chitosan/HAp tube having a triangular-shape were evaluated. In addition, efficacy as a nerve conduit of these chitosan tubes prepared was examined.
Materials and methods

Preparation of tendon chitosan
The tendon of 15 -20 cm in length was taken from the crab, Macrocheira Kaempferi that was selected because of its comparatively large size. The crab's tendons were washed with distilled water, and treated in a 4 wt% NaOH aqueous solution at 100 8C for 4 h to eliminate included proteins. Subsequently, the samples were treated in ethanol of 95 wt% at 95 8C for 8 h. The samples obtained are referred 'tendon chitin'. Furthermore, the samples were deacetylated with a 50 wt% NaOH aqueous solution at 100 8C for 8 h in nitrogen atmosphere. This deacetylation process was repeated three times to ensure complete deacetylation. The samples obtained were rinsed repeatedly with distilled water to remove any excess NaOH. The final samples are named tendon chitosan (t-chitosan). Although the crab tendon is a flat shape, the tendon chitosan has a slightly-flattened hollow-tube structure with a diameter in the order of 1-5 mm.
HAp formation in/on the chitosan tubes
HAp binding to t-chitosan was performed by an alternate soaking method [10 -12] as follows.
Step 1: t-chitosan was soaked in 50 ml of 200 mM CaCl 2 in Tris -HCl (pH 7.4) for 15 min.
Step 2: It was subsequently soaked in 50 ml of 120 mM Na 2 HPO 4 for 15 min. These two steps were repeated 15 times, where t-chitosan was rinsed in distilled water prior to each step. The resultant samples are named tchitosan/HAp. When the t-chitosan tubes were treated 15 cycles, the amounts of HAp increased to 57.1^0.2 wt%.
Preparation of the triangular tubes for in vivo experiments
A stainless bar having an equilateral triangular-shaped cross section with each side 2.1 mm long was inserted into the t-chitosan/HAp tubes. Then the tubes were thermally annealed in an air-circulating oven at 120 8C for 24 h. As these tubes shrank to the shape of the stainless bar by establishing hydrogen bonds between chitosan molecules through this annealing, the tubes permanently formed a triangular shape. These tubes were then soaked in phosphate buffer solution (PBS), and sterilized by autoclaving at 120 8C for 20 min (Fig. 1) .
Characterization methods
The composition of organic and inorganic compounds in the tendon chitosan was determined by thermogravimetric analysis (TGA) and differential thermal analysis (DTA) (TG8120, Rigaku Co., Japan). Samples were cut and dried in vacuum, placed in a platinum cup, the weight was adjusted to 5^0.2 mg, and Al 2 O 3 powder was placed in the other cup serving as a reference. The measurements were carried out in air between 25 and 1200 8C at a heating rate of 20 8C/min.
The crystal structure was determined with X-ray diffraction (XRD) (PW1700, Philips Ltd, USA) using Cu Ka radiation generated at 40 kV and 50 mA; the range of diffraction angle 2u was 5 -408. The molecular alignment in the samples was observed with a polarized optical microscope (POM) (Labophot-pol, Nikon Co., Japan) with crossed nicols by rotating the sample stage. Fouriertransformed infrared diffuse reflectance spectra (FT-IR) (Spectrum 2000, Perkin -Elmer Co., USA) were determined under nitrogen atmosphere, after samples were dried in vacuum and mixed with a potassium bromide (KBr) powder. Background noise was corrected using a pure KBr powder.
Compressive strength testing of tendon chitosan tubes was carried out on a TM TA-XT2i (Eko Co., Tokyo, Japan) at a cross-head speed of 0.1 mm/s. Ten pieces of wet samples of circular or triangular t-chitosan tube, or triangular t-chitosan/Hap tube were prepared by sprinkling water splay for test. The applied force at each transformation ratio of the samples corresponded to a strain measured ranging from 0.01 to 0.4. The variances among these groups were evaluated by the Bartlett test and differences by means of one-way analysis of variance (one-way ANOVA). Thereafter, statistical significances were evaluated according to the multiple comparison Scheffé's F test. The level of significance was p , 0:05:
The tubes were cut into blocks perpendicular or parallel to the longitudinal axis of tendons (1 £ 2 £ 2 mM 3 in size), and embedded in epoxy resin. The microstructure of tchitosan/HAp was observed by transmission electron microscopy (TEM, JEM-2000EXII, JEOL Co., Japan) and an electron diffraction technique with 100 kV accelerated electron voltage.
Expansion ratios were measured as follow. The tchitosan and t-chitosan/HAp were dried up in an aircirculating oven at 80-160 8C for 1 h, and the expansion ratios of the samples were determined in PBS (pH 7.4) at 25 8C. Where the percentage is calculated by the formula of (sample width/t-chitosan or t-chitosan/HAp width before drying) £ 100. The changes in length and width were measured at 0.5-48 h after immersion in PBS.
Implantation of a chitosan tube into a nerve defect
Male Sprague-Dawley (SD) rats weighing 180 g were anesthetized by an intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight). The right sciatic nerve was exposed and a section of 10 mm in length excised at the center of the thigh. Bridge grafting of 15 mm length into the nerve gap was then carried out using 8-0 monofilament nylon to connect the chitosan tube surface and nerve ends. T-chitosan tubes, respectively, with a circular or triangular cross-section, as well as t-chitosan/-HAp was used for implantation. Each experimental group consisted of 18 rats.
Three rats in each group were sacrificed after, respectively, two, four, six and eight weeks of implantation by an intraperitoneal injection with a high dose of sodium pentobarbital (250 mg/kg body weight). Specimens were taken from the middle 1/3 part of the grafted tube in each group for a transverse section. After being fixed in 2.5 vol% glutaraldehyde and subsequently in 2.0 vol% osmium tetroxide, the specimens were embedded in Epon 812 resin. Thin sections were prepared and stained with toluidine blue for use in light microscopy (LM, BH-2, Olympus Co., Tokyo, Japan). Ultrathin sections were prepared for transmission electron microscopy (TEM, Hitachi H-600; Hitachi Co., Tokyo, Japan).
In six rats from each group, specimens were harvested from the grafted tubes for histological examination, as described above. Furthermore, the nerves at 10 mm distance from the distal anastomosed site of the tube (distal nerve) were harvested and embedded in Epon 812 resin for histological analysis. Thin transverse sections of the distal nerves were stained with toluidine blue, causing the myelin of the myelinated axons to stain blue. Photographs of the whole section were taken (as described above) to determine the area of distal nerve and total area of myelinated axons including myelin. Analysis was carried out using the Scion Imaging software. The percentage axon area was calculated as total area of myelinated axons/the area of distal nerve £ 100%. Differences among the experimental and control groups were determined and evaluated for statistical significance according to the multiple comparison Fisher's protected least significant difference procedure (level of significance was p , 0:05).
Results and discussion
Composition of tendon chitosan
The TG-DTA curves of the tendon chitosan showed that weight loss took place in both temperature ranges of 40-200 and 200-800 8C. Correspondingly, a broad endothermic peak was observed around 80 8C, assigned to the evaporation of water, while two exothermic peaks were found at 330 and around 535 8C, and ascribed to the thermal decomposition of chitosan. As no further weight change was found beyond 800 8C in the TGA curves, the organic component in the samples was determined from the weight loss between 200 and 800 8C, and the inorganic component from the residues at 800 8C. The results are shown in Table 1 . The original crab tendon consists of 57.6 wt% of organic components and 42.4 wt% of inorganic components. The organic component of tendon chitin, treated with a diluted NaOH solution and ethanol, decreased to 42.1 wt%, resulting from the elimination of alkaline-and ethanol-soluble organic components like proteins and fats. The inorganic component in the tendon chitosan was intensively reduced to 0.5 wt% after treating with 50 wt% of NaOH solution.
3.2. Crystalline structures of chitosan and inorganic phase Fig. 2 shows XRD patterns of (a) crab tendon treated at 800 8C for 3 h, (b) crab tendon, (c) tendon chitin and (d) tendon chitosan. The XRD peaks of the crab tendon (Fig. 2a) have been assigned to both b-tricalcium phosphate (b-TCP, filled circles) and hydroxyapatite (HAp, filled squares). These results indicate that an inorganic component in the crab tendon is calcium phosphate. Giraudguille described that the inorganic component of crustacean's shells is mainly calcium carbonate with calcite crystal structure [1] . In contrast, the inorganic component of the crab tendon involves calcium phosphate. Fig. 2b is the X-ray diffraction profile of the crab tendon before the heat treatment, showing two peaks, i.e. around 10 and 208. Both peaks were ascribed to the crystalline alignment of chitin/chitosan molecules [16 -18] . Calcium phosphate in the crab tendon has a very low crystallinity, as the peaks of calcium phosphate was not detected. Fig. 2c is the tendon chitin, showing peaks around 328 were ascribed to 211, 300 and 202 of HAp. Taking the results of the samples (a) and (b) into account, this finding indicates that calcium phosphate in the crab tendon changes from amorphous to crystallite HAp during the treatment in 4 wt% of NaOH aqueous solution at 100 8C, since HAp is stable in alkaline solutions and at high temperature. In the tendon chitosan (Fig. 2d) , no peaks ascribed to the HAp phase were detected, but the crystalline structure of chitosan was found, being in good agreement with the results of the TG-DTA measurement. Although calcium phosphate was there when treated with 4 wt% NaOH, almost inorganic components was removed when treated with 50 wt% NaOH. The reason of this phenomenon may be that even though HAp is stable in alkaline solutions and at high temperature, it is resolved in such a high dose of alkaline solution as 50 wt% NaOH. Fig. 3 shows the FT-IR spectra of tendon chitin (a), and tendon chitosan prepared by deacetylation repetition of three times (b) and five times (c). As for the tendon chitin (Fig. 3a) , two absorption bands were observed around 1665 and 1543 cm 21 ; they were, respectively, assigned to amide I (CyO) and amide II ( -NH) groups. Regarding the tendon chitosan (Fig. 3b and c) , the absorption bands of the amide I and amide II groups decreased with the repetition time of deacetylation treatment, while the peak of amino group ( -NH 2 , 1595 cm 21 ) increased correspondingly. Both amide groups could not be detected at all after five times of deacetylation treatments, indicating that chitin perfectly transferred into chitosan upon the deacetylation treatments (almost 100% of deacetylation rate). Although relationship of deacetylation and bioactivity of chitosan films is discussed [8] , because t-chitosan has a tubular configuration its degradation speed in vivo is not affected by deacetylation rate only. Instead, its fibrous structure is expected to enhance the absorption speed after implantation. Fig. 4a shows optical microscope image of crab tendon, a fibrous structure was found parallel along the longitudinal axis of the crab tendon. Fig. 4b shows polarized image, it disappeared perfectly at 458 rotation. These results indicate that the chitin molecules were aligned well. Fig. 4c and d shows tendon chitosan, a similar phenomenon was observed. Thus the removal of protein, calcium phosphate and amide groups through a strong treatment in 50 wt% of NaOH solution at 100 8C had no influence on the aligned structure of chitosan molecules.
Molecular alignment and mechanical property
The relationship between the strain and force is shown in Fig. 5 . The force is shown to be significantly higher in the t-chitosan/HAp tube group when compared to the circular or triangular t-chitosan tube group at each strain.
TEM observation of HAp formed in the t-chitosan
The TEM observation was done for both the inner and outer surface of the t-chitosan/HAp tube and shown in Fig. 6. Fig. 6a is a cut section perpendicular to the longitudinal axis of the tendon. In t-chitosan were formed HAp crystals, which were scattered widely in the t-chitosan tube walls. Fig. 6b is a cut section parallel to the longitudinal axis of the tendon together with an electron diffraction pattern. A large number of aggregations of HAp crystals were found in the t-chitosan tube walls. The arrow in the TEM image shows the fiber direction of chitosan, and the HAp aggregations aligned along the chitosan fibers. These results show that HAp crystals are formed not only on both surfaces of the t-chitosan tube but inside of the t-chitosan when prepared by the technique of alternate soaking method. Because HAp formed by this method has low crystallinity, it is easily resolved to Ca 2þ and PO 32 4 : The inset in Fig. 6b shows an electron diffraction pattern taken from the circle area of the TEM image. The four arrows indicate two pairs of crescent-shaped diffractions, each pair is ascribed to 002 and 004 of HAp. This diffraction pattern indicates that the c-axis of HAp crystals align along the long axis of the aggregate. It is thus concluded that the c-axis of HAp crystals tend to align along the chitosan fibers. As the crescent angle is tight, it is assumed that the interaction between chitosan and HAp is strong.
Generally, chitosan is characterized by forming chitosan -metal complexes in which metal ions coordinate with amino groups of chitosan [19 -23] . The structure of chitosan -Cu complexes has been suggested that the complexes have two OH 2 and one -NH 2 as ligands, and the fourth site could be occupied by H 2 O or -OH on chitosan (C3). This structure is transformed by a change in pH and a pair of anions [20 -22] . The complex formation activity of the Ca ions bound to chitosan is weaker than that of transitional metal ions at pH 7.4 [23] . Therefore, the coordination bonds of chitosan -Ca complexes are probably formed with two Cl 2 , one -NH 2 and [24] . Therefore, it is probable that several amino groups are involved in the formation of HAp crystals. Fig. 7 shows the expansion ratios of t-chitosan and t-chitosan/HAp in the transverse direction as a function of time. Upon drying, the chitosan molecules formed inter-molecular hydrogen bonds, causing their aligned structure to shrink. When t-chitosan and t-chitosan/HAp were dried at 80 -160 8C for 1 h, the sizes of t-chitosan and t-chitosan/HAp shrunk to about 50 and 60%, respectively. This difference in the constriction ratios was probably resulted from filling up of the inner space of t-chitosan with HAp in the case of t-chitosan/HAp. When immersed further in PBS, these samples reversibly expanded in the transverse direction without a clear change in the longitudinal direction. The expansion in the transverse direction was clearly observed within four hours after immersion in PBS but not significantly later. The size did not recover to the original one probably due to the formation of a bundle with inter-molecular hydrogen bonds of chitosan [23, 24] . Since chitosan molecules form rigid chains due to intra-molecular hydrogen bonds, no changes in the length of t-chitosan were found even by a thermal or alkaline treatment in our study. From these results, we conclude that the heat treatment is effective to prevent the tubes from swelling in vivo.
Expansion of t-chitosan/HAp composites
Histological observations of the grafted tubes
Reactive cell infiltration was observed both inside and outside the t-chitosan tube 2 -4 weeks after implantation (Fig. 8A) . Many cracks occurred through the surface of the t-chitosan tube, with the tube wall becoming fragmented from the surface. And many macrophages were phagocytizing this debris of the tube (Fig. 8B) . In the inner space of the tube abundant newly vessels were formed. This active cell infiltration gradually disappeared after six weeks, and nerve generation was observed instead. In the t-chitosan/HAp tube group reactive cell infiltration was not so prominent, and the number or the size of myelinated axons regenerating through the tube was largest after eight weeks. Due to coverage of the chitosan with HAp crystals the area where chitosan is exposed to cause inflammatory reaction decreases. As a result, inflammatory cell infiltration accompanying with phagocytosis of the tube wall by macrophages may be prevented. The percentage of axon area represents the total mass of regenerated nerve tissue, and is an indicative parameter of both the number of nerve sprouting and the degree of maturation of the regenerated nerves. The percentage of axon area in the t-chitosan/HAp tube group was found significantly higher than in the circular or triangular t-chitosan tube group (Fig. 9) . These results suggest that the inner space of the t-chitosan/HAp has increased rapidly after completion of bridging of the regenerating nerve tissue, followed by nerve regeneration over the distal anastomosed site.
In addition to the mechanical properties of the tubes, the results of histological findings suggest that a triangular shape of the tube's cross-section and HAp coating may benefit nerve regeneration. Because collapse of an unfilled circular conduit is a major block to nerve regeneration in tubulization, the property of the chitosan tube that can be molded into various configurations and compounded with HAp has effectiveness to enhance nerve regeneration.
